Road verge remnant native vegetation often provides a last refuge for many endangered plant species. However, the value of road verge populations is often questioned because their relatively small size and isolation is expected to reduce both their reproductive potential and their genotypic diversity. We assessed the fitness, genetic variability and links with other populations of small, disjunct and highly disturbed road verge populations of the rare Australian shrub Grevillea barklyana. We found that a set of three road verge populations produced significantly more inflorescences and seed than three nearby nonverge populations. Using three random amplified polymorphic DNA (RAPD) primers, we detected similar levels of genetic variability within and among road verge and nonverge populations. We detected a total of 23 polymorphic marker bands, which allowed us to assign a unique phenotype to each of 60 surveyed plants. AMOVA revealed that only 3.3 per cent of the total variability detected was attributable to variation between the two groups of populations. The majority (80 per cent) of variation occurred among individuals within populations, and 16.7 per cent occurred among populations within each population type. Surprisingly, this pattern of variation is similar to results reported for obligatorily outcrossing species. We conclude that our three road verge populations of G. barklyana have relatively great conservation value, as all were apparently as fecund and as genetically diverse as conspecific nonverge populations.
Introduction
Habitat destruction is one of the greatest threats to the conservation of biodiversity. Within Australia, the majority of plant extinctions have arisen from habitat destruction associated with grazing and agriculture (Leigh & Briggs, 1992) . For some plant species, land clearing may result in rapid extinction through total destruction of most of the available habitat. In others, longer term viability may be reduced as a direct result of extreme habitat fragmentation, even if patches of habitat remain. A number of studies have investigated the consequences of habitat fragmentation upon animal populations (e.g. Tscharntke, 1992; Kattan et al., 1994; Johannesen & Ims, 1996; Wauters et al., 1996) , but surprisingly few studies have investigated either the demographical or genetic consequences of habitat fragmentation upon the viability of plant populations (see Turner & Corlett, 1996; Young et al., 1996) .
Population fragmentation may produce an increased susceptibility to both demographical and genetic hazards, which may interact further to promote high extinction probabilities (Gilpin & Soulé, 1986) . It is commonly perceived that, in addition to demographical uncertainty, genetic uncertainties will also contribute, and in the long term may even be the most significant contributor, to the risk of extinction by the reduction in genetic diversity caused by increases in inbreeding and genetic drift (Charlesworth & Charlesworth, 1987; Ellstrand & Elam, 1993) . The evolutionary significance of a reduction in genetic diversity remains uncertain (Charlesworth & Charlesworth, 1987) . On theoretical grounds, genetic variation is considered vital for allowing both short-term adaptation to environmental fluctuations and long-term evolutionary change (Frankel & Soulé, 1981; Barrett & Kohn, 1991; Schaal et al., 1991) .
In many extensively cleared regions of Australia, the only surviving fragments of native vegetation occur along road verges (Leigh & Briggs, 1992) . These fragments are the only refuges for some endangered plant species (Breckwoldt, 1990) . Approximately 25 per cent of endangered plant species in Australia are currently confined to remnant vegetation along road verges (Leigh & Briggs, 1992) .
The shrubs Grevillea barklyana sp. macleayana F. Muell. ex Benth. (Proteaceae) provides a model system in which to investigate the consequences of habitat fragmentation on the reproductive success and genetic variation of road verge populations. This rare and restricted species (Briggs & Leigh, 1996) occurs only in south-eastern Australia along the south coast of New South Wales. Extant populations are typically small, consisting of five to 150 individuals (personal observation), and most occur on road verges and in other disturbed areas, such as gravel pits and quarries. The species has no obvious adaptations for seed dispersal, and soil disturbance or fire is required for seed germination (Edwards & Whelan, 1995) . Such small size and potential isolation of populations suggest that they may exhibit reduced genetic diversity. However, the level of genetic diversity within and among these populations may also be influenced by their breeding system. Grevillea barklyana is pollinated by nectar-feeding birds, such as wattle-birds and honey-eaters (Vaughton, 1995) , but its mating system is flexible. Experimental hand-pollinations have shown similar levels of seed-set for both selfed and outcrossed pollen (Harriss & Whelan, 1993) . Ayre et al. (1994) used allozyme data for natural progeny arrays and found that one of four populations was almost exclusively outcrossed, whereas the other three populations were almost completely selfed. Ayre et al. (1994) found that only two out of 25 allozyme loci were variable; hence, allozyme electrophoresis appears unsuitable for the quantitative estimation of variation within and among populations. In this study, we used the more sensitive technique of random amplified polymorphic DNA (RAPD) analysis (Williams et al., 1990) to quantify genetic variation within and among road verge and nonverge populations. We then combined these data with demographical analyses to assess the conservation value of road verge populations of G. barklyana.
Materials and methods

Study sites
Both the demographic and genetic studies were carried out on six populations within Beecroft Peninsula on the northern side of Jervis Bay, NSW, Australia (35°03S, 150°48E). Three of the sites occurred directly adjacent to roads and the other three did not. In the road verge sites, G. barklyana occurred only within 3 m of the road. The nonverge sites were at least 70 m from any form of detectable disturbance, such as a road, walking track or quarry.
Genetic study
RAPD markers were used to investigate the distribution of genetic variation within and among the set of three road verge and three nonverge populations. RAPD markers are now widely used for investigating the distribution of genetic variation within and among plant populations (e.g. Dawson et al., 1993; Huff et al., 1993; Antonius & Nybom, 1994; Nesbitt et al., 1995) .
Population sampling and template DNA isolation
A mature leaf was collected from each of 10 randomly selected individuals within each population. Template DNA was then isolated from a homogenate prepared by grinding 0.1 g of leaf tissue in liquid nitrogen using 0.75 mL of extraction buffer (2 per cent CTAB, 1.4 M NaCl, 10 per cent -mercaptoethanol, 0.2 M EDTA, 100 mM Tris-HCl and 2 per cent PVP). The solution was vortexed and incubated at 65°C for 30 min. Then, 0.5 mL of chloroform-isoamyl alcohol (100:1) was added, and the tubes were subjected to 5 min of hand inversions and 25 min on a gentle shaker. After centrifugation at 12 000 g for 20 min at 4°C, the aqueous phase was transferred to a fresh 1.5 mL microfuge tube to which 500 L of chilled isopropanol (100 per cent) (isoamyl alcohol) was added. After being left at 20°C overnight, the samples were centrifuged at 12 000 g for 20 min, and the supernatant was removed leaving the DNA pellet at the base of the tube. The pellets were washed in 70 per cent ethanol for 1 h at 20°C. After centrifugation at 12 000 g for 5 min, the supernatant was carefully removed, and the DNA pellet was dried in a vacuum drier and resuspended in 25 L of TE buffer. The DNA content of each sample was measured using fluorescence spectrophotometry (Ausubel et al., 1989) .
RAPD polymerase chain reaction procedure
The Williams et al. (1990) technique for the generation of RAPD markers was modified to include a primer stabilization step (60°C) developed by Griskaitis (1995) , which stabilizes the primer/template duplex during heating to DNA extension temperatures. We found that this increased scorable variation, tolerance to DNA concentration variation and reproducibility. In addition, the annealing temperature was optimized. Total reaction volumes of 25 L were used with final concentrations of: 10 Taq reaction buffer (Promega), 25 mM MgCl 2 , 10 mM decamer primer, 25 mM dNTP, 5 U L 1 Taq polymerase (Promega) and 2 ng of template DNA. The reactions were overlaid with mineral oil and amplification was performed as follows: initial 3 min denaturation at 94°C; 60 cycles of 0.1 min at 94°C, annealing at 40°C for 0.3 min, stabilization at 60°C for 2.3 min, extension at 74°C for 2.3 min. An additional 8-min period for extension followed the last cycle.
Twenty 10-mer primers (Operon Kit F and Y) were evaluated for suitability in an initial survey. Of these, the primers OPF-13, OPF-08 and OPY-17 were found to reveal sufficient numbers of polymorphic bands that were reproducible and readily scored. These three primers were used to generate RAPD profiles for all 60 individuals sampled.
DNA of previously amplified samples and a negative control were included in all thermocycling assays to check the reproducibility of amplification product profiles between reactions and to verify the absence of contamination or nonspecific amplification.
Fragment visualization and scoring
We resolved amplification products electrophoretically in 0.6 per cent agarose and 1 per cent Synergel TM gels, using 0.5 TBE buffer at 110 V for 1.5-2.5 h (depending on primer). Fragments were then visualized by staining with ethidium bromide and photographed on an ultraviolet transilluminator. Each photograph was scanned using a Bio-Rad GS-670 imaging densitometer. The intensity of each band was determined using MOLECULAR ANALYST software, version 2.1 (Bio-Rad), and only distinct and intense bands were scored. Amplification bands were scored as present or absent. Monomorphic markers were then excluded from the data set.
Statistical analysis
A pairwise Euclidean distance matrix (Excoffier et al., 1992; Huff et al., 1993; Peakall et al., 1995) was generated from the presence/absence data using the program RAPDistance (Armstrong et al., 1994) . Variance components attributable to among individuals within populations, among populations within groups (i.e. road verge and nonverge populations) and between groups were estimated from the distance matrix by an analysis of molecular variance (AMOVA) using the program WINAMOVA (Excoffier et al., 1992) . We also ran separate analyses for road verge and nonverge populations only.
Reproductive potential
To assess the reproductive potential of populations, we counted the number of inflorescences and seeds on seven individuals within each population at 3-week intervals from April to September 1995. The seven plants were selected at random at each census date. The size of each plant was recorded by measuring the height (h), widest width (w1) and width at 90° to the widest width (w2). These values were then used to determine reproductive output per unit of crown volume ( .h.w1.w2/6). The numbers of inflorescences and seeds and the numbers per unit of crown volume were compared using a paired t-test after log 10 transformation. The outcome of the analysis after correction for plant volume was similar to that of the true values (results not shown).
Results
Genetic variation
RAPD profiles The three primers OPF-13, OPF-08 and OPY-17 revealed sufficient variation to assign a unique phenotype to each of the 60 individuals sampled (Table 1) . We found that although no markers were unique to any one population, two markers varied significantly among populations ( 2 5 = 30 and 36, P0.001), and within populations the frequencies of these two markers ranged from apparent fixation (present in all 10 individuals tested) to extreme rarity (present in only one or two of the 10 individuals tested).
Analysis of molecular variance
Our hierarchical analysis of molecular variance (AMOVA) revealed that the majority of variation (80 per cent) was attributable to variation among individuals within populations (Table 2) . A further 16.7 per cent of the variance was attributable to variation among populations within groups, and only 3.3 per cent was attributable to variation between road verge and nonverge populations. The patterns of variability within and among populations were similar in the three road verge and the three nonverge populations (Table 2) .
Reproductive potential
Our comparison of inflorescence and seed production among population types revealed that road verge populations possessed a higher reproductive potential than nonverge populations. Mean crown volume did not differ significantly between the two groups of populations (2.42<0.76 m 3 and 1.69< 0.24 m 3 (mean<SE) for road verge and nonverge, respectively; t 152 = 1.013; P = 0.313), and population phenologies were synchronous throughout the study period. Nevertheless, we found that inflorescence production varied markedly and significantly between the two sets of populations, and road verge populations were on average 2.5 times more productive (4943<2648 vs. 1998<757 (mean<SE); t 4 = 3.37, P0.05). Road verge populations also produced on average 3.9 times more seed than nonverge populations (627<478 vs. 161<48 (mean<SE); t 4 = 2.49, P0.025).
Discussion
This study, through the use of a combination of demographical and genetic methodologies, highlights the conservation value of road verge populations of the threatened shrub G. barklyana. Road verge plants displayed potentially greater reproductive success through both male and female function than nonverge plants. Moreover, we found that local populations in road verge and nonverge sites display almost identical levels of genetic diversity with little evidence of population subdivision. Both types of local populations therefore appear to be strongly interconnected by gene flow and may contribute similarly to the overall gene pool or effective size of the breeding population of this vulnerable species.
Genetic variation of road verge populations
Contrary to theoretical expectations, the small and isolated road verge populations of G. barklyana were found to be both equally diverse and genetically similar to the nonverge populations. We found that, within G. barklyana, genetic variation is partitioned similarly to other outcrossed species with high levels of interpopulation gene flow (Huff et al., 1993; Nesbitt et al., 1995; Rossetto et al., 1995) . Of the total variation detected, 80 per cent occurred among individuals within populations. Approximately 17 per cent of the total variation occurred among populations within groups (i.e. road verge and nonverge populations). These data imply that extensive gene flow is occurring among both types of populations or that gene flow among populations was once occurring and that populations have not been isolated long enough for specific genes to be gained or lost. This study contrasts with the findings of Ayre et al. (1994) , in which allozyme data suggested that three of four G. barklyana populations currently exhibit high levels of inbreeding. However, Ayre et al. worked only with newly produced seeds, whereas our present study examined adult plants. These contrasting results may, therefore, reflect a dramatic change in the mating system of G. barklyana since the establishment of the current adult plants or temporal variability in the nature of the realized mating system within these populations.
Reproductive potential of road verge populations
Measurement of fitness in natural populations is notoriously difficult (Primack & Kang, 1989) , and this problem is compounded when dealing with organisms such as hermaphroditic, perennial plants, which should have multiple reproductive episodes and separate male and female functions. In our study, road verge plants of G. barklyana produced both significantly more inflorescences (an indicator of both male and female reproductive potential) and seeds (a measure of female reproductive output) than nonverge populations. Elevated reproductive output has also been reported in road verge populations of the Australian shrubs Banksia hookeriana and B. menziesii (Lamont et al., 1994a,b) . In contrast, small and isolated road verge populations of the endangered shrub Banksia goodii were found to possess drastically reduced seed-set, possibly as a consequence of a reduction and/or change in pollinator activity (Lamont et al., 1993) . Assessment of the reproductive output of road verge vegetation should, therefore, occur on a case-by-case basis. Several factors may contribute to the apparently higher reproductive output of road verge plants. Road verges may possess an increased water and mineral nutrient availability, induced by run-off from the road (Lamont et al., 1994a,b) . Such additional water and nutrients would lead to increased vegetative and reproductive growth (Zimmerman & Pyke, 1988; Lamont et al., 1991) . Road verge plants may encounter less competition for access to water and nutrients because the road apron is free of large plants and may thus be able to exploit resources that would not otherwise be available to them in a non-verge environment. The greater inflorescence production of road verge plants may lead to higher seed set as a result of higher rates of visitation by nectarivorous birds attracted by the greater intensity of inflorescences (Lamont & van Leeuwen, 1988) .
Conservation implications
Interpretation of the evolutionary or ecological significance of our results rests on a number of assumptions, of which the most critical is that our short-term study provides a realistic picture of continuing patterns of reproduction and gene flow within verge and nonverge populations. The available evidence is clearly sufficient to demonstrate the potential value of road verge populations as a resource that may buffer the species against further decline. However, the apparent success of road verge plants may mean little if there is no current gene flow or if germination and recruitment are lower in road verge than nonverge populations. Rigorous assessment of their likelihood of persistence and contribution to the species gene pool will require a long-term study that includes documentation of the source and frequency of recruitment and compares the fitness of these two groups of plants through the assessment of (1) the fate of seed monitored through at least one generation; and (2) male function judged via measurement of gene flow within and among populations.
Current support for the conservation of road verge communities is typically based on the realization that verges often contain the last remaining stands of native vegetation in a disturbed landscape and often contain populations of endangered plant species. Typically, these populations are thought to be even more vulnerable and potentially less worthwhile targets for conservation than apparently 'pristine' populations. However, the present study suggests that, even though road verge populations may be small and highly fragmented, they may still retain links with neighbouring populations via gene flow and are thus able to maintain considerable genetic variability. Such gene flow among these small remnant populations would be highly advantageous, as it would act against the detrimental effects of inbreeding depression and genetic drift (Ellstrand & Elam, 1993) , thus increasing effective population size.
